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Permeability of medullary nephron segments to urea and water:
Effect of vasopressin. High papillary urea concentrations are
necessary for the formation of maximally concentrated urine,
while low papillary urea concentrations are associated with less
concentrated urine. In the present studies we examined the mem-
brane characteristics that are important in determining the
medullary urea concentration profiles. Using isolated segments
of rabbit nephrons perfused in vitro, we measured the diffusional
urea and water permeability in the medullary thick ascending
limb of Henle (MTALH), the outer medullary collecting duct
(MCD) and the papillary collecting duct (PCD), in the presence
and absence of antidiuretic hormone (ADH). Segments of
MTALH and MCD were essentially impermeant to '4C-urea.
This degree of impermeability was maintained both with or
without ADH. The urea permeability (x l0- cm sec 1) of the
PCD was moderate (2.2±0.3 without ADH, 2.4±0.6 with
ADH). Diffusional water permeability (x l0- cm sec 1) of the
MTALH was low both with and without ADH; but the diffu-
sional water permeability of the PCD increased from 39.9 7.6 to
56.9 8.6 (P< 0.002) with the addition of 200 U/ml of ADH to
the bath. In summary: 1) ADH has no influence on urea perme-
ability across the nephron segments studied; 2) urea permeability
of the PCD is higher than that of the MCD or the MTALH; and
3) ADH increases diffusional water permeability of the PCD but
not of the MTALH. We conclude that pathways of urea move-
ment are not the same as the principal pathways of water move-
ment across the papillary collecting duct epithelium.
Perméabilité a l'urée et l'eau des segments médullaires des
néphrons: Effet de Ia vasopressine. Des concentrations papillaires
d'urée élevées sont nécessaires a Ia formation d'une urine con-
centrée de facon maximale alors que les concentrations faibles
d'urée sont contemporaines d'une concentration urinaire infé-
rieure. En utilisant des segments de néphrons de lapins perfusés
in vitro nous avons mesuré Ia perméabilité de diffusion a l'urée et
a l'eau de la partie médullaire de Ia branche ascendante large de
l'anse de Henle (MTALH), du canal collecteur médullaire ex-
terne (MCD) et du canal collecteur papillaire (PCD) en presence
et en l'absence d'hormone antidiurétique (ADH). Les segments
de MTALH et MCD sont imperméants a l'urée '4C. Ce degré
d'imperméabilité est maintenu aussi bien avec que sans ADH.
La perméabilité a l'urée (x 10 cm sec1) de PCD est modérée
(2,2 0,3 sans ADH, 2,4 0,6 avec ADH). La perméabilité de
diffusion a l'eau (x 10-s cm sec1) de MTALH est faible a Ia
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fois en presence et en l'absence d'ADH mais Ia perméabilitC de
diffusion a l'eau du PCD augmente de 39,9 7,6 a 56,9 8,6
(P< 0,002) avec l'addition de 200 su/ml d'ADH dans le bain. En
résumé: 1) l'ADH n'a pas d'influence sur Ia perméabilité a l'urCe
des segments de néphron étudies; 2) Ia perméabilitC a l'urée de
PCD est plus grande que celle de MCD ou de MTALH et 3)
l'ADH augmente Ia perméabilité de diffusion a l'eau de PCD
mais pas celle de MTALH. Nous concluons que les voies des
mouvements d'urée ne sont pas les mêmes que les principales
voies des mouvements d'eau a travers l'épithélium du canal
collecteur papillaire.
Gamble et al [1] were the first to observe that urine
concentration of rats was augmented by increased
dietary intake of urea. Since this time a number of
studies have confirmed their observation and it now is
generally accepted that in most mammals, including
man, there exists a parallel relationship between the
medullary concentration of urea and capacity to
generate maximally concentrated urine. High medul-
lary urea concentration is necessary for enhanced
urine concentration; whereas, if the medullary urea
concentration is low, then the kidney is unable to form
maximally concentrated urine. At least two factors
have gained favor which have explained the existence
of high medullary concentrations of urea. Levinsky and
Berliner [2] originally pointed out that medullary urea
accumulation might be largely a consequence of passive
movement of urea from the collecting duct while,
more recently, Gertz, Schmidt-Nielsen and Pagel [3]
have suggested that part of the medullary urea
might be accounted for by invoking back diffusion of
urea across the papillary tissue from pelvic urine. If the
interstitial urea would exclusively enter the vasa recta,
then it would be difficult to maintain a high concentra-
tion of urea in the medullary interstitium. However,
Lassiter, Gottschalk and Mylle [4] were first to show
experimentally that part of the interstitial urea enters
the loop of Henle and thus "recycles" and, therefore,
prevents medullary washout of urea. It is now well
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appreciated that urea recirculation within the medul-
lary structures plays a critical role in the overall opera-
tion of the countercurrent multiplication system. An
understanding of the factors that control the degree of
urea recirculation requires characterization of the seg-
mental membrane properties that control transport of
urea out of the various nephron segments. Because
many of these segments are inaccessible to conven-
tional micropuncture methods, we have utilized the
technique in which isolated segments are perfused in
vitro. Previous studies from this laboratory indicated
that the rabbit thin descending limb of Henle (DLH) is
quite impermeant to urea [5] and highly permeable to
water [6], while the thin ascending limb of Henle is
moderately permeable to urea [7] and impermeable to
water [7]. Thus, the purpose of the present studies was
to examine the urea and water permeability in the re-
mainder of the medullary nephron segments; the
medullary thick ascending limb of Henle (MTALH),
the outer medullary collecting duct (MCD) and the
papillary collecting duct (PCD). These studies were
conducted in the presence and absence of antidiuretic
hormone (ADH).
Methods
The experimental technique employed was that in
which isolated segments of the nephron are perfused
in vitro [8]. Female New Zealand white rabbits weigh-
ing 1.5 to 2.5 kg were used in all studies. Rabbits were
maintained on water ad jib and a general chow diet
prior to death. After guillotine decapitation a small
slice of kidney was quickly obtained and transferred
into a dish of rabbit serum or a medium containing
115 mmoles/liter of NaCI, 5 mmoles/liter of KC1,
25 mmoles/liter of NaHCO3, 10 mmoles/liter of Na
acetate, 1.2 mmoles/liter of NaH2PO4, 1.2 mmoles/
liter of MgSO, 1.0 mmoles/liter of CaCl2, 5.5 mmoles/
liter of dextrose and 5 ml/lOO ml of calf serum. All dis-
sections were performed in chilled dishes bubbled with
95°/ 02—5% CO2. The dissections of MTALH and
MCD were done by means of techniques previously
published [9]. The papillary collecting ducts are quite
difficult to dissect, but the dissections were facilitated
by the fact that usually the lumens were open during
the dissection procedures. (This is in contrast to the
other nephron segments, which are collapsed at the
time of dissection.) The PCD segments were obtained
between the branches of the collecting ducts from the
middle part of the terminal papilla. The respective
tubules were then transferred into a perfusion dish that
was kept at 37°C and at pH 7.4 by continuous bubbling
with 95% O2—5% CO2. The tubules were then picked
up by suction and perfused by means of concentric
glass pipettes by techniques identical to ones published
previously, except that much larger pipettes were used
when PCD were perfused. The size of these latter
pipettes was variable, depending on the O.D. of the
tubules (see Results). Inside tubular diameter was
measured from photographs (Polaroid) obtained dur-
ing the experiment at x 200 to x 400. The tubular
length was measured using a precalibrated ocular
micrometer. All measurements were obtained 60 mm
after the initial perfusion of a given nephron segment
was started. This equilibration time insured relative
stability of the measured indexes.
Net water absorption. Net reabsorption of fluid was
calculated by previously published techniques [10]:
vi-vo
L [1]
where V0 is the collection rate and is obtained directly
by a constant bore pipette; L is the length of the
tubule; C is the absolute volume of fluid transported in
nl mm 1 mm 1, and is positive if fluid is absorbed and
negative if fluid is secreted. The term V1 is the perfu-
sion rate and is calculated by dividing the volume
marker counts per minute of the collected fluid by
volume marker counts per minute per nanoliter of per-
fusion fluid and by the time of the collection period.
Either 1251-iothalamate (Glofll-125, Abbott Labora-
tories, North Chicago, IL) or '4C-inulin (New England
Nuclear, Boston, MA) was used as a volume marker.
In all experiments designed to use 3H20, 14C-inulin
was used as the volume marker.
Urea permeability. Passive urea permeability, bath-
to-lumen (bl), was obtained from the influx rate of
'4C-urea added to the bath according to the following
expression [10]:
Pureabl — VO(RI)_______ ,
A(Rb-Ri) [2]
where A is luminal surface area; V0 is collection rate in
nh/sec'; and Rb and R1 are concentrations of the
corresponding isotopes in the bath and collected fluids,
respectively. The expression (Rb—Ri) is the logarith-
mic mean concentration gradient between the bath
and collected fluid isotope concentration.
Passive urea permeability from lumen to bath (Ib)
was estimated from the disappearance rate of 14C-urea
from the perfusion solution. When there was no net
volume reabsorption, permeability from lumen-to-
bath was calculated from the following expression:
V1 C1Pib [3]
where V1 is the perfusion rate, A is inner surface area of
tubule and C and C0 are the activities of 14C-urea
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(cpm/nl) in, respectively, the initial perfusion fluid and
the collected fluid. In the case in which net volume re-
absorption was present, Pib was computed from the
following equation [11]:
V1—V01n(C1/C0) 1+au
A in (V1/V0)+ 2
where the symbolism is the same as in equations 2 and
3 except that au is the reflection coefficient of urea.
Reflection coefficients. The techniques by which re-
flection coefficients for urea (aurea) are measured have
been discussed in detail previously [5]. In the present
study a urea was determined by the "equal concentra-
tion method", in which a urea is equal to the ratio of the
increments of net fluid movement, J,, induced by
identical osmotic gradients of urea and raffinose in the
same collecting tubule. Thus,
J ureaaurea = J raffinose
The perfusion rates in the two experimental periods
were the same. In each experiment the imposed osmo-
tic gradient with urea or raffinose was the same.
Raffinose and urea periods were arranged randomly.
All reflection coefficient measurements were performed
in the presence of 250 U of ADH in the bath. Bath,
collecting fluid and perfusate solution osmolality were
measured simultaneously by a nanoliter osmometer
(Clifton Technical Physics, NY) [5].
Dffusional water permeability. Measurement of
diffusional water permeability (PDW) was obtained
from the unidirectional flux of tritiated water (THO)
added to the perfusion solution. The value of PDW was
calculated from the same equation as that described for
urea, but in the case of H20, aH2O was considered to be
equal to zero. To prevent equilibration of THO activity
between the bath and the perfusate, short segments of
tubules (0.55 to 1.30 mm) were used in this series of
experiments.
Osmotic water permeability (Lv). Osmotic water per-
meability was determined by measuring net fluid
movement in response to an imposed osmotic gradient
of impermeant solute in the presence of 250 U/ml
of ADH. During the control period, the perfusion
solution was isosmotic (300 mOsm) to the bath. Net
fluid reabsorption was then induced by addition of
200 mOsm/liter of raffinose to the bath. Rapid perfu-
sion rates of 20 to 30 nI/mm were used to avoid osmotic
equilibrium between perfusate and bath. Osmolalities
of perfusate and bath fluid were measured, and L was
calculated in each experiment by the following equa-
tion [6]:
JvL =
where ,, is the logarithmic mean of the osmotic
gradient between the bath and tubular fluid, and J., is
the net induced water flow between the control and
hyperosmotic periods.
The radioactivity of 125J was measured using a
[4] gamma scintillation spectrometer (Packard, model
5000) at 17.5 to 75 KEY. Beta-'4C and THO were
counted in a liquid scintillation spectrometer (Packard,
model 2420). As soon as the bath or collected fluid
samples were obtained, they were transferred to 1 ml
of water and immediately diluted by the addition of
10 ml of the liquid scintillation cocktail. The sources
and concentration of isotopic materials used were as
follows: THO, 200 Ci/ml; '4C-urea, 20 Ci/ml of
perfusion solution or 100 Ci/ml of bathing fluid (New
England Nuclear Corp., Boston, MA); and 125J..
iothalamate (Glofil-125), 2 Ci/ml.
These results are expressed as mean SEM. The data
[5] for each tubule are the mean of two to four collection
periods per tubule, depending on the experimental
protocol.
Results
Medullary thick ascending limb of Henle. The '4C-
urea permeability of the TMALH was examined under
three separate experimental conditions: 1) when per-
fusion fluid was isosmolal ultrafiltrate of the same
serum used for bath; 2) when perfusion fluid was left
unchanged from condition 1 but bath was made
hyperosmolar by the addition of 270 mOsm/liter of
raffinose to the rabbit serum; and 3) under conditions
similar to 1 but when 25 U of ADH were added to the
bath. (The Lucite bath holds approximately 1 ml of
serum.) The results of these experiments are sum-
marized in Table 1 and indicate that the MTALH is
quite impermeable to 14C-urea and that this imperme-
ability is not increased with ADH nor by increased
transtubular net flow of water as induced by hyper-
osmotic bath; and, secondly, that ADH has no effect
on the transtubular positive potential difference. It is
noteworthy that some of the urea permeability coeffi-
cients in Table 1 are negative. This source of error
arises from the difficulties associated with accurate
estimation of a small fractional loss of isotope from
solutions with high specific activity. For this reason we
also measured the influx rate of '4C-urea into pre-
viously isotope-free perfusate. Although the influx
counts were quite low, these values should be more
accurate than the efflux measurements. Both the influx
and the effiux values are close to zero, but different
from each other. This difference should not be mis-
construed as evidence for differences in the unidirec-
tional fluxes of '4C-urea, but rather it reflects the[6]
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Table 1. Passive permeability for urea (lumen to bath and bath to lumen) in medullary thick ascending limb of Henle
Tubular
length
mm
Perfusion
rate
ni/mm
Puro
Lumen to bath
x 1O- cm/sec
Pure
Lumen to bath
x 10 cm2 /sec
Potential
difference
m V
I 0.65 Isosmotic bath
Hyperosmotic bath
11.6
12.0
0.52
0.66
0.33
0.42
+4.5
+2.4
0.55 Isosmotic bath
Hyperosmotic bath
15.6
11.7
—0.23
0.05
—0.18
0.04
+5.7
+4.0
0.80 Isosmotic bath
Hyperosmotic bath
8.7
10.5
—0.33
0.51
—0.27
0.44
+6.7
+5.1
0.80 Isosmotic bath
Hyperosmotic bath
12.0
11.3
0.24
—0.46
0.19
—0,36
+8.4
+6.1
0.95 Isosmotic bath
Hyperosmotic bath
11.4
10.9
0.04
0.00
0.03
0.00
+5.7
+4.2
0.80 Isosmotic bath
Hyperosmotic bath
9.9
17.8
—0.78
—0.02
—0.67
—0.02
+8.2
+ 6.3
3 Isosmotic bath —0.09 —0.09 +6.5
SEM 0.09 0.13 0.6
Hyperosmotic bath 0.12 0.08 +4.7
SEM 0.15 0.11 0.6
IP' 0.65 Control
ADH, 200 zU/ml
7.4
14.7
0.56
0.40
0.44
0.31
+7.7
+7.6
0.60 Control
ADH, 2000 zU/ml
14.6
11.9
0.77
0.64
0.61
0.50
+4.1
+4.4
0.70 Control 9.3 1.61 1.27 +6.0
0.80 Control
ADH, 100 U/ml
10.6
12.4
0.98
0.67
0.77
0.53
+4.4
+4.7
0.45 Control 9.4 0.47 0.37 +4.5
0.45 Control
ADH, 200 U/ml
Control
ADH
15.3
12.8
0.78
0.84
0.86
0.15
0.63
0.08
0,61
0.66
0.68
0.12
0.50
0.06
+4.2
+4.0
+5.2
0.5
+5.2
0.8
The effect of hyperosmotic bath on the isotopic urea permeability. During the "isosmotic bath" conditions, the perfusate was the
isosmolal ultrafiltrate of the same serum as used for the bath. Hyperosmotic bath refers to rabbit serum to which 270 mOsm/liter of
raffinose was added.
bThe condition was the same as under "IA, isosmotic bath" except that the experiments were conducted first without antidiuretic
hormone (ADH) (control) and then with ADH added to the bath.
technical difficulties inherent in obtaining quanti-
tatively significant numbers in tubular segments which
are nearly impermeant to the probing isotope in
question.
Outer medullary collecting duct. Schafer and
Andreoli had previously measured the osmotic and
diffusional permeabilities for water of MCD [11]; in
addition, they had reported that the reflection coeffi-
cient of urea is unity in that segment [12]. We wanted to
extend those studies by measuring the diffusional per-
meability of urea both without and with 25 U/ml of
ADH in the bath. These measurements were conducted
with isosmolal perfusate of Krebs-Ringer phosphate
plus 270 mmoles/liter of urea (total osmolality,
570 mOsm/liter). The reason we chose this high urea
concentration was because we have previously hypo-
thesized that the fluid entering the outer medullary
collecting duct has a high urea concentration. The bath
was identical in composition to the perfusate except
that fetal calf serum (5m1/100 ml) was added to the
Krebs-Ringer phosphate prior to the addition of
270 mmoles/liter of urea. The results of these studies
are given in Table 2 and indicate that the MCD is
essentially impermeant to urea both in the absence and
in the presence of ADH in the bath. Thus, these results
are consistent with the high reflection coefficient of
urea in the MCD reported by Schafer and Andreoli
[12].
Papillary collecting duct. The characteristics govern-
ing urea and water transport in the PCD had not been
previously examined directly by the in vitro perfusion
technique. Thus, in this series of studies, we deter-
mined the value of the following: diffusional water
(PDW) and urea permeability (Pr) (with and without
ADH in the bath); and the reflection coefficient for
urea (in the presence of ADH).
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Table 2. The effect of antidiuretic hormone (ADH) on urea permeability in the outer medullary collecting tubule
Experiment Length Inner Area Perfusion Pre P6re6
No. diameter rate
mm p. 1O cm2 x 1O cm/sec x 1O cm2/sec
1.0 20.0 6.28 Control 8.2 0.53 0.33
ADH, 1000 p.U/ml 8.6 0.39 0.25
2 0.70 28.3 6.23 Control 4.1 0.15 0.13
ADH, 200 p.U/ml 4.4 0.43 0.38
3 0.70 29.3 6.44 Control 7.7 0.74 0.68
ADH, 200 p.U/ml 8.2 0.66 0.61
4 1.20 25.0 9.42 Control 7.1 0.32 0.25
ADH, 400 p.U/ml 11.9 0.48 0.38
5 0.85 19.0 5.07 Control 6.7 —0.20 —0.12
ADH, 400 p.U/ml 5.6 —0.36 —0.16
Control 0.31 0.25
SCM 0.14 0.12
ADH 0.34 0.29
SEM 0.14 0.11
In five consecutive experiments in which the diffu- experimental period in which raffinose was added to
sional water permeability was determined, the Pw was the bath. Under control conditions net water flux was
39.9 7.6 x 10-s cm/sec without ADH and increased not different from zero (—0.04 0.21 nI/mm). When
significantly (P <0.002, paired t test) to 56.9 8.6 x the raffinose osmotic gradient was imposed, there was a
10-s cm/sec with the addition of 200 zU/ml of ADH mean increase in net water absorption of 1.97±0.46 nil
to the bath (see Table 3). The isotopic water perme- mm. With the combination of perfusion rates and
ability of PCD is of the same magnitude as that re- tubular lengths used, there was only a mean rise in
ported for the cortical collecting duct by Grantham perfusion fluid osmolality of 6.1 1 .2%. The calcu-
and Burg [13]. On the other hand, the urea perme- lated mean L of 4.83 0.80 x 10 mI/cm2 sec atm
ability coefficient of PCD was about an order of (Table 5) is somewhat lower than that of the MCD as
magnitude greater than that similarly determined in reported recently by Schafer and Andreoli [11].
MCD (see Tables 2 and 4) and did not increase with The results of those experiments in which the reflec-
the addition of ADH to the bath. tion coefficient for urea was determined are given in
The hydraulic conductivity was measured in nine Table 6. The perfusion rates were not different during
tubules using various perfusion fluids and transtubular these periods: 29.6 5.1 ni/mm (with raffinose) and
osmotic gradients of 195 to 254 mOsm/liter (raffinose 30.4 5.5 nl/min (with urea). The calculated reflection
added to the bath; see Table 5). The induced net water coefficient for urea of 0.74 0.03 is lower than the
flow, J, was measured as the difference between con- similarly determined urea reflection coefficients of
trol (bath of same osmolality as the perfusate) and the other nephron segments [5].
Table 3. The effect of antidiuretic hormone on diffusional water permeability (P0w) of papillary collecting tubule6
Tubule Inner Area Control Antidiuretic hormone
length diameter
mm p. x 10 4cm V1 V1 Pow
ni/mm x 10 cm/sec ni/mm x 1O- cm/sec
0.75 48.2 11.35 10.6 33.9 10.7 53.4
0.60 37.7 7.11 27.4 34.2 25.2 57.9
0.80 37.5 9.43 13.1 37.3 8.6 49.3
1.30 41.7 17.0 15.9 72.1 19.6 91.5
0.55 88.0 15.2 24.4 22.3 19.9 32.5
0.80 50.6 12.02 18.3 39.9 16.8 56.9
SEM 2.9 7.6 2.8 8.6
'V1. perfusion rate.
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Table 4. The effect of antidiuretic hormone (ADH) on urea permeability across the papillary collecting tubule
Experiment
No.
Tubule
length
mm
Inner
diameteri
Area
4 cm2
Perfusion
rate
ni/mm
Pureo
x 10 cm/sec
Purea
x 1O— cm2/sec
10 0.72 33.5 7.58 Control
ADH
7.7
6.9
2.13
1.48
2.24
1.56
2b 0.50 26.0 4.08 Control
ADH
10.9
11.5
2.74
2.08
2,23
1.70
35 0.70 31.4 6.91 Control
ADH
11.5
10.2
1.67
2.25
1.65
2.32
45 0.50 35.6 5.60 Control
ADH
7.5
9.0
2.94
2.60
3.29
2.91
55 0.70 48.2 10.60 Control
ADH
Control
ADH
SEM
SEM
2.6
10.2
1.46
1.83
2.19
0.26
2.36
0.56
2.21
2.77
2.32
0.24
2.23
0.24
Perfusate =ultrafiltrate of same serum used in the bath.
5Perfusion fluid = Krebs-Ringer phosphate+ 270 mOsm of urea. Bath fluid= Krebs-Ringer bicarbonate solution+ 270 mOsm of urea.
Discussion
It is now well accepted that generation of concen-
trated urine is the consequence of osmotic equilibration
of the collecting duct fluid with hypertonic medullary
interstitium. It is also clear that the formation of a
hypertonic medullary interstitium is the result of the
operation of a countercurrent multiplication system
(CCMS). Until recently it was felt that the energy
necessary to operate the CCMS was localized in the
thin and the thick ascending limbs of Henle. It was
assumed that salt in ecess of water was transported
out of these segments, a process which resulted in a
progressive rise in the tissue osmolality in tissue
analyzed from the corticomedullary junction towards
the papillary tip. However, Kokko and Rector [14]
have recently proposed an alternative model of CCMS
in which the necessity of postulating active transport
processes out of the thin ALH has been removed. This
model is largely based on the previously determined
transport characteristics obtained by perfusing isolated
segments of rabbit thin descending limb [5, 6], thin
ascending limb [7] and the MTALH [9]. In this model
the single effect (the energy source) was localized in the
MTALH, with both of the thin limbs behaving as
passive equilibrating segments [14].
The passive equilibration model of the counter-
current multiplication system has been previously
considered in detail [14] However, since we examine
Table 5. Osmotic water permeability (L5) in the papillary collecting duct in the presence of antidiuretic hormone
Experiment
No.
Tubule
length
mm
Inner
diameter
Area
x 1O cm2
Perfusion
rate
ni/mm
J,
ni/mm
Osmotic
gradienta
mOsm
L5
x1O-° mi/cm2
sec/Atm
1" 0.72 33.5 7.58 9.11 0.70 195 3.09
2" 0.50 26.0 4.08 9.23 0.47 204 3.69
3° 0.70 48.2 10.60 16.68 1.83 232 4.85
4b 0.75 48.2 11.36 11.11 1.82 245 4.27
50 0.60 52.0 9.80 10.19 1.55 243 4.24
60 0.80 37.5 9.43 10.81 1.13 246 3.18
70 1.05 31.4 10.37 41.66 4.38 254 10.76
8° 1.30 41.7 17.03 30.12 4.43 248 6.84
90 0.55 88.0 15.20 25.78 1.44 240 2.58
0.77 45.16 10.61 18.30 1.97 234 4.83
SEM 0.08 5.73 1.20 3.66 0.46 6 0.80
Osmotic gradient induced by addition of varying amounts of raffinose to the bath.
b Perfusate =ultrafiltrate of same serum used in the bath.
Perfusion fluid = Krebs-Ringer phosphate. Bath fluid= Krebs-Ringer bicarbonate solution.
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Table 6. Reflection coefficient for urea in papillary collecting tubules
Experiment
No.
Tubule
length
mm
Inner
diameter
Raffinose added to the bath Urea added to the bath
V1 Bath osmol J V1 Bath osmol J, Urea
ni/mm mOsm/liter ni/mm! mm nl/mi,i mOsm/liter ni/mm/mm
1" 0.60 52.0 10.2 560 3.18 9.4 573 2.43 0.76
20 0.60 37.5 42.0 577 4.28 36.5 577 3.50 0.82
3° 1.05 31.4 39.7 572 4.16 28.2 565 2.60 0.63
4b 1.30 41.7 30.1 568 3.42 30.9 570 2.79 0.82
5b 0.55 88.0 25.8 582 2.62 47.0 610 1.80 0.69
0.82 50.1 29.6 572 3.53 30.4 579 2.62 0.74
SEM 0.13 9.0 5.1 3 0.28 5.5 7 0.25 0.03
V1 = perfusion rate; J =change in net transport of water from control as induced by osmotic gradient. Net water reabsorption during
control period was 0.10 0.02 nI/mm. Antidiuretic hormone (ADH) was added to the bath during control and experimental period
(200 zU/ml). Osmolarity (osmol) of collected fluid during the raffinose period was 334 3 mOsm/liter, and 405.4±16 mOsm/liter during
urea period.
b Raffinose added first.
Urea added first.
herein some critical features of this model, it is appro-
priate to briefly review the salient architectural features
of the proposed model. Let us begin by considering the
nature of the fluid entering the DLH from the pars recta.
It is convenient to think of this entering intraluminal
fluid as a two-component system made up principally
of NaC1 and to a lesser degree of urea. As the fluid
courses towards the papillary tip, it is undergoing
osmotic equilibration with the progressively more
hyperosmolar interstitium. Since we have previously
shown that the thin DLH is highly permeable to the
osmotic flow of water and relatively impermeable to
salt and urea, the osmotic equilibration within the
DLH thus occurs principally by abstraction of water
[5, 6]. By this process, salt and urea concentration
gradients are generated by the following line of reason-
ing. If the fluid within the DLH osmotically equili-
brates with hypertonic medullary interstitium (as our
data would suggest) and, furthermore, if urea com-
prises a significant fraction of medullary solute as has
been previously shown by tissue slice studies [15—18],
then the osmolality of the DLH fluid would be identical
to the medullary interstitium, but now the NaC1 con-
centration within the loop fluid would be much higher
than its ambient surroundings [6]. Similarly, the urea
concentration of the medullary interstitium would be
higher than in the loop fluid. It is important to realize
that the thin ascending limb of Henle (ALH) processes
this hypernatremic fluid. The magnitude of this sodium
gradient probably is different in varying species and
would be a function of the many indexes which reg-
ulate salt and water transport out of the DLH [14].
The membrane characteristics of the thin ALH are
fundamentally different from those of the DLH. We
have recently shown that the thin ALH is impermeant
to osmotic flow of water while being highly permeable
to salt and moderately permeable to urea [7]. The
combination of these unique membrane characteristics
then permitted passive generation of hypoosmolal in-
traluminal fluid within the thin ALH when it was per-
fused with isosmolal but hypernatremic solutions [7].
This was accomplished by having a faster efflux rate of
NaC1 (down its concentration gradient) as compared to
the influx rate of urea (down its concentration gradi-
ent). The operation of the countercurrent multiplica-
tion system, however, must have a source of energy.
The thick ALH subserves this role. Our previous data
have demonstrated that the MTALH is impermeable
to osmotic flow of water and has the capacity for active
outward NaCl transport as a consequence of an electro-
genic chloride pump [9]. This then would add salt in
excess of water to the outer medulla and would gener-
ate a hyperosmotic medullary interstitium. The result
of this active efflux of salt would be the formation of
hypoosmolal intraluminal fluid within the thick ALH
which contains relatively high concentrations of urea.
As the fluid then courses through the distal tubule,
cortical and outer MCD, it was postulated that the
urea concentrations could be raised to very high values
by further osmotic abstraction of water. It was hypo-
thesized that once the fluid reached the PCD the pre-
viously generated high chemical potential gradients of
urea could be dissipated by allowing urea to diffuse
down its concentration gradient, providing, of course,
that the PCD is moderately permeable to urea.
This previously proposed model requires that the
various nephron segments which are involved in the
transience of fluid from the pars recta to the ureter
possess some specific and uniquely different membrane
characteristics. In the context of the current studies, it
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is required that the medullary thick ascending limb be
impermeable to water and urea. If this were not the
case, then it would be difficult to generate a hypertonic
outer medullary interstitium by the relative addition of
more solute than water to this part of the medulla.
These characteristics must be maintained both with
and without the influence of ambient ADH. It has
previously been shown that the distal tubule [19] and
the cortical collecting duct [20] are impermeant to urea.
In addition, for the passive model of countercurrent
multiplication system to be operative, the outer MCD
must be impermeable to diffusion of urea in the pre-
sence and absence of vasopressin. If this were not the
case, urea would diffuse out into the outer medulla
and could not then be transmitted to the papilla in high
enough concentrations. On the other hand, the pro-
posed model requires the PCD to be permeable to
urea, a condition which would allow urea to diffuse
down its concentration gradient.
In the present studies it was shown that the diffu-
sional permeability to urea (Table 1) and water in the
MTALH (see Results) was exceedingly low both with
and without added vasopressin in the bath. These
findings, coupled with the previously demonstrated
low osmotic water permeability [9], allow the medul-
lary thick ascending limb to maintain a large osmotic
gradient whether it experiences high or low concentra-
tions of urea in the ambient fluid (and, vide infra, in the
medullary interstitium).
It was further determined that the outer medullary
collecting duct is diffusionally impermeant to urea
(Table 2). This high degree of urea impermeability was
maintained whether or not ADH was added to the
bath. These findings are consistent with the earlier
studies of Schafer and Andreoli in which it was shown
that the reflection coefficient for urea was close to one
[12]. Thus, if these findings can be extended to in vivo
conditions, it is not unreasonable to postulate that the
PCD receives a fluid which has a very high concentra-
tion of urea.
In contrast, it was determined that the PCD was
much more permeable to urea (Table 4) than the
MTALH (Table 1), or the cortical [12] or outer MCD's
(Table 2). This degree of urea permeability was not in-
creased by addition of ADH to the bath. The reflection
coefficient was also low (0.74 0.03; see Table 6). This
low reflection coefficient is in essential agreement with
the low reflection coefficient for urea determined by
Morgan and Berliner [21].
Previous studies have indicated that the papillary
urea concentration may be quite high [15—18]. The
present studies directly show that urea may be lost
from the PCD to the interstitial fluid as a consequence
of passive back diffusion of urea down its concentra-
tion gradient across a segment with a relatively high
permeability to urea (Table 4). Thus, under conditions
of hydropenia in which urea may contribute up to 50%
of the total tissue osmolality [15—18], it can be seen
that this back diffusion of urea from the PCD can, at
least in part, be implicated as the cause for the ob-
served high concentrations of urea in the papilla.
This is not to say that back diffusion of urea from
the PCD is the only source of interstitial urea. Gertz
et al [3] have emphasized that the papillary tip is con-
tinuously bathed in pelvic urine. In addition, they per-
fused the pelvic space through small catheters with
various solutions and were later able to determine that
the urea concentration of the perfusate greatly in-
fluenced the concentration of urea from tissue slices
obtained from the papillae which were so bathed by the
various solutions [3]. More recently, Schutz and
Schnermann [22] have superperfused exposed papillary
tips of rats and measured the urine concentration from
these kidneys. They were able to show that the urine
concentration was modulated in a parallel fashion by
superperfusion with solutions of varying urea con-
centrations [22]. It thus appears that back diffusion of
urea from the PCD and from the pelvic urine both con-
tribute to the final concentration of urea observed in
the papillary interstitium.
Of interest was the finding that in the absence of
ADH the PDW of the outer MCD [11] and the PCD
(Table 3) was quite low. However, when ADH was
added to the bath, there was a significant increase in
these permeability coefficients [11] (see Table 3). The
fact that 14C-urea permeability did not change under
similar conditions (Tables 2 and 4) would strongly
imply that urea and water at least partly permeate
through different pathways. Levine, Franki and Hays
[23] have similarly suggested that urea may move
across the toad bladder through mechanisms which are
independent of water flow. A possible explanation for
these findings is that urea penetrates the PCD epithe-
hum predominately through the intercellular spaces
and the not-too-tight "tight junctions"; while water
penetrates transcehlularly across the luminal membrane
which does increase its permeability to water (and,
presumably, not to urea, vide infra) when exposed to
ADH. Indeed, Tisher and Yarger [24] have recently
reported that the zonula occiudens of the PCD is per-
meant to lanthanum, while similarly conducted studies
of the outer MCD reveal it to be impermeable to
lanthanum.
In summary, the MTALH and the outer meduhlary
and papillary collecting ducts indeed do possess those
experimentally determined characteristics that allow
for the operation of the previously proposed "passive
equilibration" model of the countercurrent multi-
Urea and water permeability 387
plication system [14]. It was shown that the MTALH
and outer MCD's are essentially impermeant to urea.
In contrast, it was shown that the PCD is moderately
permeable to urea. This latter finding would allow for
passive outward diffusion of urea from the PCD duct
and, thus, would be one source of urea in the medullary
interstitial fluid. The interstitial urea could then ab-
stract water out of the thin DLH while part of it could
diffuse into the thin limbs to account for the degree of
urea recirculation previously noted in micropuncture
studies. It should be emphasized that these results are
only directionally compatible with the previously pro-
posed passive equilibration model of the counter-
current multiplication system and, therefore, this
should not be misconstrued as rigorous proof of the
proposed model. It is not possible, without complex
kinetic consideration, to examine the degree of urea
recirculation that would be permitted with the pre-
sently determined membrane characteristics.
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